
US 20060039615A1 

(12) Patent Application Publication (10) Pub. N0.: US 2006/0039615 A1 
(19) United States 

Chen et al. (43) Pub. Date: Feb. 23, 2006 

(54) JOINT AMPLITUDE AND POSITION 
CODING FOR PHOTOGRAPHIC IMAGE 
AND VIDEO CODING 

(76) Inventors: Wen-hsiung Chen, Sunnyvale, CA 
(US); Fang Wu, Pleasanton, CA (US); 
Gregory D. Pelton, Raleigh, NC (US) 

Correspondence Address: 
DOV ROSENFELD 
5507 COLLEGE AVE 
SUITE 2 
OAKLAND, CA 94618 

(21) Appl. No.: 11/069,621 

(22) Filed: Feb. 28, 2005 

Related US. Application Data 

(63) Continuation-in-part of application No. 10/922,508, 
?led on Aug. 18, 2004. 
Continuation-in-part of application No. 10/922,507, 
?led on Aug. 18, 2004. 

Publication Classi?cation 

(51) Int. Cl. 
G06K 9/36 (2006.01) 

(52) US. Cl. .......................................... .. 382/232; 382/245 

(57) ABSTRACT 
A method, apparatus, and carrier medium to encode a series 
of quantized transform coef?cients. The method includes 
identifying clusters of at least one non-Zero-valued coef? 
cients, and for each such cluster, identifying at least one 
position event that de?nes the relative position and run 
length of the cluster of non-Zero coef?cients and any inter 
vening run of Zero-valued coef?cients, and identifying at 
least one amplitude event to de?ne the amplitudes of the 
non-Zero-valued coef?cients in the identi?ed cluster. The 
method further includes jointly encoding the identi?ed posi 
tion event or events With the identi?ed amplitude event or 
events such that relatively short codewords are formed to 
represent values or sequences of values that are relatively 
more likely-to-occur, and relatively long codewords are 
formed to represent values or sequences of values that are 
relatively less likely-to-occur. The method is applicable to 
encoding a region in the series Where there is likely to be a 
cluster of non-Zero-valued coefficients. 
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JOINT AMPLITUDE AND POSITION CODING FOR 
PHOTOGRAPHIC IMAGE AND VIDEO CODING 

RELATED PATENT APPLICATIONS 

[0001] The present invention is related to the following 
?ve pending US. patent applications, each assigned to the 
assignee of the present invention, and each incorporated 
herein by reference, in the manner described. 

[0002] The present invention is a continuation-in part of 
US. patent application Ser. No. 10/922,508 to inventors 
Toebes, et al., ?led Aug. 18, 2004, titled “TWO-DIMEN 
SIONAL VARIABLE LENGTH CODING OF RUNS OF 
ZERO AND NON-ZERO TRANSFORM COEFFICIENTS 
FOR IMAGE COMPRESSION,” and having Agent/Attor 
ney Ref. No. CISCO-8985. Incorporated by reference US. 
patent application Ser. No. 10/922,508 and the methods 
described therein are each and collectively called the “2-D 
Non-Zero/Zero Cluster Coding Method” herein. 

[0003] The present invention is also a continuation-in part 
of US. patent application Ser. No. 10/922,507 to inventors 
Chen, et al., ?led Aug. 18, 2004, titled “VIDEO CODING 
USING MULTI-DIMENSIONAL AMPLITUDE CODING 
AND 2-D NON-ZERO/ZERO CLUSTER POSITION 
CODING,” and having Attorney/Agent Ref. No. CISCO 
9180. Incorporated by reference US. patent application Ser. 
No. 10/922,507 and the methods described therein are each 
and collectively called the “Basic Multi-Dirnensional 
Arnplitude Coding Method” herein. 

[0004] The present invention is related to concurrently 
?led US. patent application Ser. No. 11/_,_ to inven 
tors Chen, et al., ?led 2005, titled “AMPLITUDE 
CODING FOR CLUSTERED TRANSFORM COEFFI 
CIENTS,” and having Attorney/Agent Ref. No. CISCO 
9741. Incorporated by reference US. patent application Ser. 
No. 11/_,_ and the methods described therein are each 
and collectively called the “Multi-Table Arnplitude Coding 
Method” herein. 

[0005] The present invention is also related to US. patent 
application Ser. No. 10/898,654 to inventors Chen et al., 
?led Jul. 22, 2004 and titled “AN EXTENDED HYBRID 
VARIABLE LENGTH CODING METHOD FOR LOW 
BIT RATE VIDEO CODING,” and having Attorney/Agent 
Ref. No. CISCO-8795. Incorporated by reference US. 
patent application Ser. No. 10/898,654, and the methods 
described therein are each and collectively called the 
“Extended Hybrid VLC Method” herein. 

[0006] US. patent application Ser. No. 10/898,654 is a 
continuation in part of, and the present invention is related 
to US. patent application Ser. No. 10/869,229 to inventors 
Chen et al., ?led Jun. 15, 2004 and titled “A HYBRID 
VARIABLE LENGTH CODING METHOD FOR LOW 
BIT RATE VIDEO CODING,” and having Attorney/Agent 
Ref. No. CISCO-8783. Incorporated by reference US. 
patent application Ser. No. 10/869,229 and the methods 
described therein are each and collectively called the “Basic 
Hybrid VLC Method” herein. 

BACKGROUND 

[0007] The present invention is related to image compres 
sion and video coding, in particular to variable length coding 
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of an ordered series of quantized transforrn coef?cients of a 
transform of a block of image data. 

[0008] TWo-dirnensional variable length coding, referred 
to as 2D-VLC, has been Widely used to code quantiZed 
transforrn coefficients. In traditional 2D-VLC, statistics are 
collected or assurned of events that include a run of con 

secutive Zero-valued coef?cients folloWed by a single non 
Zero arnplitude coef?cient that folloWs the run length. The 
ordering of the series of quantiZed transforrn coef?cients is 
along a pre-selected path, e.g., a Zig-Zag path, in the tWo 
dirnensional path of the transform. Thus, in a typical irnple 
rnentation, a two-dimensional table consisting of the ending 
amplitude and the run-length of the preceding consecutive 
Zero-valued coef?cients is constructed and variable length 
codes, such as optimal Huffrnan codes or arithrnetic codes, 
are assigned according to the assumed or measured statistics 
to form the 2D-VLC table for the subsequent encoding 
process. Shorter code lengths are used for the more likely 
to-occur, e.g., more frequently occurring events. 

[0009] 2D-VLC is used in common transform coding 
methods, such as JPEG, MPEG1, MPEG2, ITU-T-261, etc., 
as folloWs. For motion video, an image is divided into 
blocks, e.g., 8 by 8 or 16 by 16 blocks. Each image is 
classi?ed as interfrarne or intrafrarne. Interfrarne images are 
typically post motion compensation. The blocks of the 
image are transformed and the transform coef?cients are 
quantiZed. The quantiZed transforrn coef?cients are then 
coded along a speci?ed path according to a 2D-VLC table. 
Interfrarne and intrafrarne irnages typically have different 
2D-VLC tables. The DC component is typically separately 
encoded. Furthermore, the 2D-VLC table may be truncated 
so that the least frequently occurring events use an escape 
code folloWed by a ?Xed length code. Aspecial “EOB” code 
is used to indicate the end of the block When all remaining 
coef?cients are Zero. 

[0010] One advantage of traditional 2D-VLC is that the 
position of each non-Zero-valued quantiZed coef?cient and 
its amplitude are coded sirnultaneously, Which generally 
results in shorter code lengths than using a separate code, 
e.g., a VLC code for each non-Zero-valued coefficient and 
coef?cient arnplitude. 

[0011] Because of the Widespread use of image coding, 
rnany patents have been issued on different forms of VLC. 
US. Pat. No. 4,698,672 issued Oct. 6, 1987 to Wen-hsiung 
Chen, one of the inventors of the present invention, for 
example, described one form of a two-dimensional variable 
length coding method. 

[0012] One de?ciency of 2D-VLC is that every non-Zero 
valued coef?cient needs to be accompanied by a runlength 
code to identify its position, in the form of the number of 
preceding Zero-valued coef?cients. 

[0013] In block based transform coding, there often is a 
region, e.g., a loW-frequency region along the ordering in 
Which non-Zero-valued coef?cients tend to cluster, i.e., there 
are often a number of consecutive non-Zero-valued coef? 
cients along the loW frequency region of the pre-deterrnined 
path. Each one of a number of such consecutive non-Zero 
valued coefficients Would require the same number of code 
Words representing the position and amplitude. 

[0014] US. patent application Ser. No. 10/342,537 to 
inventors Chen et al., ?led Jan. 15, 2003 and titled AN 
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EXTENSION OF TWO-DIMENSIONAL VARIABLE 
LENGTH CODING FOR IMAGE COMPRESSION 
describes a method called the “Extended 2D-VLC Method” 
herein that includes encoding repetitions of some non-Zero 
coef?cient values. One variant of the Extended 2D-VLC 
method provides codes for all the possible amplitude varia 
tions of consecutive coef?cients that folloW a set of Zero 
valued coef?cients. This effectively reduced the runlength to 
1 for all cases. The dif?culty of this approach is that there are 
enormous numbers of patterns that can be generated from 
the amplitudes of consecutive coef?cients. For example, 
With 32 quantization levels as de?ned in many common 
video coding standards, there are in the order of 32n patterns 
that can be generated from n consecutive coef?cients. As 
such, in a practical implementation, only a limited number 
of the most likely-to-occur non-Zero amplitude values, such 
as 1 and 2, and a limited number of lengths of consecutive 
non-Zero-values, such as 3 or 4 consecutive values, are 
regrouped for pattern matching. 

[0015] Furthermore, in coding, While there may be a 
region Where there are clusters of non-Zero-valued coeffi 
cients, there is also likely to be a high frequency region 
Where any non-Zero-valued coef?cients are likely to be 
scattered. 

[0016] With these observation in mind, the Basic Hybrid 
VLC Method of above-mentioned incorporated by reference 
US. patent application Ser. No. 10/869,229 to inventors 
Chen et al. Was developed to encode the position and 
amplitude of quantiZed transform coef?cients separately and 
takes advantage of the nature of the distribution of the 
transform coef?cients in the loW frequency and high fre 
quency regions. 

[0017] The Extended Hybrid VLC Method of incorpo 
rated by reference U.S. patent application Ser. No. 10/898, 
654 provides an alternative coding method for the high 
frequency region by taking advantage of the very feW 
amplitude values in the high frequency region, especially, 
for example, for loW bit rate and interframe applications. 

[0018] In one embodiment of the above-mentioned Basic 
Hybrid VLC Method, tWo independent types of coding 
schemes are introduced to code the quantiZed coefficients 
along the path. A boundary is established along the path to 
de?ne tWo regions, e.g., a loW frequency region and a high 
frequency region. The boundary can be made adaptive to the 
video depending on a number of factors such as intraframe 
coding or interframe coding, standard de?nition television 
(SDTV) or high de?nition television (HDTV), complex 
scene or simple scene, high bit rate coding or loW bit rate 
coding, and so forth. In one embodiment, the encoding of the 
quantiZed coef?cients in the loW-frequency region includes 
coding the positions of consecutive non-Zero-valued coef 
?cients and the positions of consecutive Zero-valued coef 
?cients using a run-length coding method of a ?rst type and 
a run-length coding method of a second type. The encoding 
further includes coding the amplitude values and sign of the 
non-Zero-valued coef?cients. In the high-frequency region, 
in one embodiment, the encoding of coef?cients in the high 
frequency region includes encoding the positions of either 
no consecutive Zero-valued coef?cients or runs of one or 

more consecutive Zero-valued coefficients using a run 
length coding method of a third type. The encoding further 
includes coding the amplitude values and sign of the non 
Zero-valued coef?cients. 
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[0019] In one embodiment of the above-mentioned 
Extended Hybrid VLC Method, a coding method is used in 
the second region that takes into account that almost all 
non-Zero-valued coef?cients in the high frequency region 
are :1. No amplitude coding is needed to encode runs of 
consecutive Zeroes that end in a coef?cient of amplitude 1. 
An exception (escape) code is included to encode those rare 
non-Zero-valued coef?cients that have values other than :1. 

[0020] In the Basic Hybrid VLC Method and the Extended 
Hybrid VLC Method, the consecutive non-Zero-valued coef 
?cients and the consecutive Zero-valued coef?cients in the 
loW frequency region are coded alternatively using tWo 
independent one-dimensional variable length coding meth 
ods, e.g., using tWo independent one-dimensional VLC 
tables. An observation Was made that an improvement in 
coding ef?ciency can further be achieved by pairing the 
consecutive non-Zero-valued coef?cients and Zero-valued 
coef?cients as a pair and applying a single tWo-dimensional 
table to code the pair. With this observation, the 2-D 
Non-Zero/Zero Cluster Coding Method of above-mentioned 
incorporated by reference US. patent application Ser. No. 
10/922,508 Was introduced to improve the coding ef?ciency, 
for example for the loW frequency region, and in other 
embodiments for more than the loW frequency region. 

[0021] In one embodiment of the 2-D Non-Zero/Zero 
Cluster Coding Method, a method includes, in a ?rst con 
tiguous region, identifying events that each include a run of 
Zero-valued coef?cients preceding a run of one or more 

non-Zero-valued coefficients. The method includes for each 
such event, jointly encoding the runlengths of the preceding 
run of Zero-valued coef?cients and the folloWing run of 
non-Zero-valued coef?cients With a codeWord, such that for 
at least some events, relatively more likely-to-occur pairs of 
runlengths are encoded by a shorter codeWord than rela 
tively less likely-to-occur runlengths. The method further 
includes encoding each amplitude in the run of consecutive 
non-Zero-valued coef?cients, and encoding the signs of such 
coef?cients. In an improved variation, each event includes a 
single Zero-valued coef?cient folloWing the run of non-Zero 
valued coef?cients. 

[0022] In each of the 2-D Non-Zero/Zero Cluster Coding 
Method, the Basic Hybrid VLC Method, and the Extended 
Hybrid VLC Method, various variable length coding meth 
ods are introduced to encode the relative positions of the 
clustered or non-clustered transform coef?cients. After each 
such encoding, a coding of the magnitude of each non-Zero 
valued coef?cient is included, as is a sign bit (+ or —). 

[0023] The inventors have noticed that encoding the 
amplitudes takes up a signi?cant part of the code in VLC 
coding of clusters of non-Zero-valued coef?cients. 

[0024] The inventors observed that, at least in theory, an 
improvement in amplitude code can be achieved by intro 
ducing a single multi-dimensional code, say an n-dimen 
sional code, n an integer greater than 1, to encode n clustered 
non-Zero coef?cients, instead of using n separate one dimen 
sional codes. The Basic Multi-Dimensional Amplitude Cod 
ing Method of above-mentioned incorporated-by-reference 
US. patent application Ser. No. 10/922,507 includes such 
multidimensional amplitude coding. 

[0025] One embodiment of the Basic Multi-Dimensional 
Amplitude Coding Method includes, in a ?rst region, iden 
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tifying events that each includes a run of one or more 

non-Zero-valued coef?cients, and for each such event, 
encoding the event With a codeword such that for at least 
some events, relatively more likely-to-occur events are 
encoded by a shorter codeWord than relatively less likely 
to-occur events, and for each identi?ed event, jointly encod 
ing a plurality of consecutive values in the run of consecu 
tive non-Zero-valued coef?cients, the joint encoding 
according to an amplitude coding method. The method is 
such that relatively short codeWords are formed to represent 
values or sequences of values that are relatively more 
likely-to-occur, and relatively long codeWords are formed to 
represent values or sequences of values that are relatively 
less likely-to-occur. The method is applicable to encoding a 
region in the series Where there is likely to be a cluster of 
non-Zero-valued coef?cients. 

[0026] While the Basic Multi-Dimensional Amplitude 
Coding Method invention described in US. patent applica 
tion Ser. No. 10/922,507 appears to improve the overall 
coding ef?ciency, it Was observed that the siZe of the 
n-dimensional table used for the joint encoding can become 
rather large for a large “n.” As a result, in practice, the siZe 
of n has to be limited to a loW number of consecutive 
non-Zero-amplitude values, such as 1, 2 and 3 for practical 
implementation. 
[0027] With this in mind, the Multi-Table Amplitude Cod 
ing Method of above-mentioned incorporated by reference 
US. patent application Ser. No. 11/_,_ Was introduced. 
Rather than using a single multidimensional coding table for 
a cluster of a number, say n consecutive non-Zero-valued 
coef?cients, events are identi?ed Within the cluster that each 
include a run of consecutive amplitude-1 coef?cients, fol 
loWed by a single coef?cient of amplitude greater than 1. 
Included are events of only a single coef?cient of amplitude 
greater than 1 and runs of only amplitude 1. For each event, 
a codeWord is assigned to the runlength of the preceding run 
of amplitude-1 coef?cients combined With the amplitude of 
the ending coef?cient. A tWo-dimensional coding table is 
used for each cluster length n, so that the multidimensional 
table of the Basic Multi-Dimensional Amplitude Coding 
Method is replaced by a number of increasingly large 2-D 
coding tables. The value of n can be as large as the position 
of the breakpoint. 

[0028] The Multi-Table Amplitude Coding Method takes 
advantage of the observation that in the loW frequency 
region of the sequence of transform coef?cients, there is a 
dominance of amplitude-1 coef?cients in the clusters of 
non-Zero coefficients. 

[0029] The inventions described in the Basic Hybrid VLC 
Method and the 2-D Non-Zero/Zero Cluster Coding Method 
introduced various variable length coding techniques to take 
care of only the positions of the clustered or scattered 
transform coef?cients. The inventions described in the Basic 
Multi-Dimensional Amplitude Coding Method and in the 
Multi-Table Amplitude Coding Method introduce methods 
of encoding the amplitudes of the clusters. 

[0030] There still is a need in the art for a method that 
combines encoding the positions of transform coefficients 
and the amplitude of transform coefficients. 

SUMMARY 

[0031] A method, apparatus, and carrier medium to pro 
cess an ordered series of digital signals that each have an 
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amplitude from a ?nite set of amplitudes consisting of the 
most likely-to-occur amplitude and at least one other ampli 
tude. The at least one other amplitude includes a neXt most 
likely-to-occur amplitude to the most likely-to-occur ampli 
tude. The processing is to reduce the amount of data used to 
represent the digital signals and to form codeWords such that 
the relatively more likely-to-occur values or sequences of 
values of digital signals are represented by relatively short 
codeWords and the relatively less likely-to-occur values or 
sequences of values of digital signals are represented by 
relatively long codeWords. 

[0032] In one embodiment, the method includes, for a ?rst 
contiguous region in the series, identifying clusters that each 
includes one or more consecutive signals having any ampli 
tude other than the most likely-to-occur amplitude, and any 
intervening runs of consecutive coef?cients having the most 
likely-to-occur value. The method further includes, for each 
identi?ed cluster of signals having any amplitude other than 
the most likely-to-occur amplitude, identifying one or more 
position events to de?ne the relative positions and runlength 
of the of the identi?ed cluster of signals having any ampli 
tude other than the most likely-to-occur amplitude, and any 
intervening runs of consecutive coef?cients having the most 
likely-to-occur value. The method further includes for each 
identi?ed cluster of signals having any amplitude other than 
the most likely-to-occur amplitude, identifying one or 
amplitude events that de?ne amplitudes of the consecutive 
coef?cients having amplitude other than the most likely-to 
occur amplitude. The method further includes jointly encod 
ing the identi?es position event or events and the identi?ed 
amplitude event or events to produce a codeWord for the 
cluster such that relatively short codeWords are used to 
represent amplitude clusters that are more likely-to-occur, 
and relatively long codeWords are used to represent ampli 
tude clusters that are relatively less likely-to-occur. 

[0033] In one embodiment described, the ordered series of 
digital signals is a series of quantiZed coef?cients of a 
transformed block of image data. The transform is such that 
the most likely-to-occur amplitude is 0, and the neXt most 
likely-to-occur amplitude is 1. 

[0034] In the case of quantiZed coef?cients, the method 
includes identifying clusters of at least one non-Zero-valued 
coef?cients, and for each such cluster, identifying at least 
one position event to identify the relative position and 
runlength of the cluster of non-Zero coef?cients, and iden 
tifying at least one amplitude event to de?ne the non-Zero 
amplitudes in the cluster of non-Zero coef?cients. The 
method further includes jointly coding the identi?ed posi 
tion event(s) and the identi?ed amplitude event(s) such that 
relatively short codeWords are formed to represent values or 
sequences of values that are relatively more likely-to-occur, 
and relatively long codeWords are formed to represent 
values or sequences of values that are relatively less likely 
to-occur. The method is applicable to encoding a region in 
the series Where there is likely to be a cluster of non-Zero 
valued coef?cients. 

[0035] Some embodiments described herein use the posi 
tion events that are as coded in the 2-D Non-Zero/Zero 
Cluster Coding Method. Some embodiments further use 
non-Zero amplitudes as the amplitudes events as in the Basic 
Multi-Dimensional Amplitude Coding Method. Other 
embodiments identify amplitude events in the same manner 
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as the Multi-Table Amplitude Coding Method. Yet other 
embodiments use the amplitude events of Basic Multi 
Dimensional Amplitude Coding Method for some cluster 
lengths, and the amplitude events of the Multi-Table Ampli 
tude Coding Method for other cluster lengths. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0036] FIG. 1 shoWs a How chart of one embodiment of 
a hybrid variable length coding (VLC) method that includes 
in a ?rst region coding the positions and length of clusters 
of non-Zero coef?cients and of Zero-valued coef?cients, and 
further that includes coding the amplitudes of the coef? 
cients in the clusters of non-Zero-valued coef?cients. 

[0037] FIG. 2 shoWs a code table for the positions of 
Zeroes and clusters of non-Zero coefficients using an 
embodiment of the 2-D Non-Zero/Zero Cluster Coding 
Method used in one embodiment of the invention. 

[0038] FIG. 3 shoWs a 3-D code table for the amplitudes 
of clusters of three consecutive non-Zero coef?cients for 
using the Basic Multi-Dimensional Amplitude Coding 
Method in one embodiment of the invention. 

[0039] FIG. 4 shoWs a set of 2-D code tables for the events 
Within a cluster of n non-Zero coef?cients, each event being 
a runlength of preceding amplitude 1 coef?cients for the 
runlength=0, 1, . . . , n-1, folloWed by the ?nal amplitude 
larger than 1, for using the Multi-Table Amplitude Coding 
Method in one embodiment of the invention. 

[0040] FIG. 5 shoWs a How chart of one embodiment of 
a hybrid variable length coding (VLC) method, Which 
includes encoding the positions and lengths of clusters of 
non-Zero-valued coef?cients and of Zero-valued coef?cients, 
encoding the amplitudes in the runs of non-Zero-valued 
coef?cients, and, according to an aspect of the invention, 
coding the positions and the amplitudes using a joint coding 
table of the position codes and the amplitude codes. 

[0041] FIG. 6 shoWs an apparatus for coding a series of 
digital signals, e.g., an ordered series of quantiZed coef? 
cients of a transformed block of image data, including a 
processing system that has a memory containing code that 
implements an embodiment of the coding method described 
herein. 

[0042] FIG. 7 shoWs an apparatus embodiment for decod 
ing a bitstream representing series of codeWords encoded 
according to one or more aspects of the present invention. 

DETAILED DESCRIPTION 

[0043] An aspect of the present invention combines the 
coding method used to code the position of consecutive 
non-Zero-valued coef?cients that occur in runs of non-Zero 

valued coef?cients (“clusters”) With the coding method used 
to code the amplitudes of the non-Zero-valued coef?cients in 
the clusters to produce a combined code for coding an 
ordered series of quantiZed coef?cients of a transform of 
image data in a ?rst region-the loW frequency region-of the 
series. Such a series occurs in many image compression 
methods. 

[0044] While the description is Written in terms of an 
ordered series of digital values that are quantiZed transform 
coef?cients of a block of image data, With Zero-valued 
quantized coef?cients being the most likely-to-occur, and 
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quantiZed coef?cients of value :1 being the next most 
likely-to-occur values, the invention is, in general, appli 
cable to an ordered series of digital signals that each have an 
amplitude from a ?nite set of amplitudes consisting of the 
most likely-to-occur amplitude and at least one other ampli 
tude. 

[0045] FIG. 1 shoWs a How chart of one embodiment of 
a hybrid variable length coding (VLC) method 100 that 
includes in 101 providing a breakpoint along the ordering of 
the series to de?ne a ?rst, e.g., loW frequency region Wherein 
non-Zero-coefficients are likely to be clustered, and a sec 
ond, e.g., high-frequency region Where non-Zero coef?cients 
are likely to be scattered, and in the version shoWn, likely to 
be dominated by amplitude-1 coef?cients. 

[0046] In 103, each run of consecutive Zero-valued coef 
?cients, and each run of consecutive non-Zero-valued coef 
?cients (called “clusters”) is identi?ed. Different encoding 
methods are available for encoding the positions of the Zero 
and non-Zero-valued coef?cients. The Basic Hybrid Method 
and the Extended Hybrid Method provide separate code 
Words for the runlengths of the Zero-value coefficients, and 
for the runlengths of the clusters of non-Zero-valued coef 
?cients. The codes include variable length codes determined 
using assumed or actual statistics. Thus, step 103 identi?es 
the runlengths of the consecutive Zero-valued coefficients 
and of the non-Zero-valued coef?cients. 

[0047] The 2-D Non-Zero/Zero Cluster Coding Method 
on the other hand forms a codeWord for the joint coding of 
the runlengths of consecutive Zero-valued coef?cients that 
precedes a run of one or more non-Zero-valued coef?cients 

that is folloWed by a single Zero-valued coef?cient. Thus, in 
the case that the ?rst region coding uses an embodiment of 
the 2-D Non-Zero/Zero Cluster Coding Method, step 103 
includes identifying the runlengths of consecutive Zero 
values coefficients and of the cluster of non-Zero-valued 
coef?cients that folloWs the Zeroes, including a single Zero 
valued coef?cient folloWing the run of non-Zero-valued 
coef?cients. Furthermore, events that have no non-Zero 
valued coef?cients preceding the non-Zero coefficient(s) are 
included. In 105, the identi?ed events are encoded using 
joint encoding for each event of the runlength of the pre 
ceding Zero-valued coef?cient and the runlength of the 
folloWing one or more non-Zero-valued coef?cients. In one 

embodiment using the 2-D Non-Zero/Zero Cluster Coding 
Method, 105 includes using a tWo-dimensional lookup table 
of codes. The codes include variable length codes deter 
mined using assumed or actual statistics. 

[0048] In 107, the amplitudes in each run of non-Zero 
amplitudes in the identi?ed event is encoded using an 
amplitude code. In an embodiment described in the Basic 
Hybrid Coding Method, the Extended Hybrid Coding 
Method, and in the 2-D Non-Zero/Zero Cluster Coding 
Method, each amplitude is separately encoded, e.g., using a 
variable length code obtained using a code table. 

[0049] As an example, consider the Basic Hybrid Coding 
Method and the Extended Hybrid Coding Method. Denote 
by r(n) an identi?ed run of n consecutive non-Zero coef? 
cients, and r‘(Z) an identi?ed run of Z consecutive Zero 
valued coefficients in the ?rst region, n,Z=1,2, . . . . Consider 

a single event denoted by r(n), denote each of the non-Zero 
amplitudes in r(n) by m(1), m(2), . . . , Denote by C(n) 
the variable length codeWord for the run length of non-Zero 
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valued coefficients in the event r(n), n=1, 2, . . . and C‘(Z) the 
variable length codeword for the run length of Zero-valued 
coef?cients in the event r‘(Z), Z=1, 2, . . . Denote by A(a) the 
amplitude encoding of an amplitude a, a=1, 2, . . . , in the run 

r(n) of non-Zero-valued coef?cients; and denote by 5(1), 
5(s), . . . , the sign bits for the ?rst, second, . . . , n‘th 

non-Zero-valued coefficient in r(n). Then according to 
embodiments described in the Basic Hybrid Coding Method 
and the Extended Hybrid Coding Method, the encoding of 
the event and the corresponding non-Zero amplitudes is: 

[0050] Where + denoted concatenation. 

[0051] As another example, suppose a pair of Z con 
secutive Zero-valued coef?cients and “n” consecutive non 
Zero-valued coef?cients, folloWed by a single non-Zero 
value, is coded using the coding invention described in the 
2-D Non-Zero/Zero Cluster Coding Method. Denote the 
positions of the Zero-valued/non-Zero valued coef?cients by 
R(Z,n) and denote each of the amplitudes by m(1), m(2), . . 
. , Denote by C(Z,n) the variable length codeWord for 
the event R(Z,n), Z=0,1, . . . , n=1, 2, . . . ; denote by A(a) the 

amplitude encoding of an amplitude a, a=1, 2, . . . , in the run 

of non-Zero-valued coef?cients in R(Z,n); and denote by 
5(1), 5(2), . . . , the sign bits for the ?rst, second, . . . , n‘th 

non-Zero-valued coefficient in R(Z,n). Then, according to 
one embodiment described in the 2-D Non-Zero/Zero Clus 
ter Coding Method, the encoding of the event and the 
corresponding non-Zero amplitudes is: 

(sl((zjn)+A(m(1))+5(1)+A(m(2))+5(2)+ . . . +A(m(n))+ 1'1 5 

[0052] 
[0053] Step 107 may also be encoded using an aspect of 
the Basic Multi-Dimensional Amplitude Coding Method. 
One such aspect is to use a single codeWord obtained by a 
multidimensional amplitude encoding method to encode the 
sequence of amplitudes A(m(1)), A(m(2)), . . . , A(m(n)) by 
a variable length codeWord. The codeWord can be obtained 
by a multi-dimensional coding table, obtained using 
assumed or measured statistics. For example, denote by 
An(m(1), m(2), . . . , the codeWord for the sequence of 

n quantized amplitudes m(1), m(2), . . . , m(n), n=1, 2, . . . 

. According to one embodiment of the Basic Multi-Dimen 
sional Amplitude Coding Method, the event R(Z,n) and 
associated amplitudes and signs is encoded, When using the 
2-D Non-Zero/Zero Cluster Coding Method together With an 
embodiment of the Basic Multi-Dimensional Amplitude 
Coding Method as: 

Where + denoted concatenation. 

[0054] and in one embodiment When using the Basic 
Hybrid Coding Method or the Extended Hybrid Coding 
Method With the Basic Multi-Dimensional Amplitude Cod 
ing Method, as: 

C(n)+An(m(1), m(2), . . . , m(n))+5(1)+5(2)+ . . . 

+S(n)+C'(z). 
[0055] In order to make the siZe of the multi-dimensional 
tables manageable from a practical implementation point of 
vieW, the maximum length of the run of non-Zero amplitudes 
jointly encoded using the Basic Multi-Dimensional Ampli 
tude Coding Method is restricted to relatively loW numbers 
such as 2 or 3 in a practical implementation. 
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[0056] The Multi-Table Amplitude Coding Method uses 
an observation that in clusters of non-Zero-valued coef? 
cients, the appearance of amplitude 1 is more likely than that 
of amplitude 2, the appearance of amplitude 2 is more likely 
than that of amplitude 3, and so forth. In one embodiment of 
the Multi-Table Amplitude Coding Method, Within each 
identi?ed cluster of a number, denoted n, of non-Zero valued 
coef?cients, events are recogniZed of consecutive ampli 
tude-1 coef?cients folloWed by single coef?cient of ampli 
tude greater than one. 5uch events include the runlength of 
0 amplitide-1 coef?cients folloWed by the single coef?cient 
of amplitude greater than 1. Denote byj, j=0, 1, 2, . . . ,n-1 
the length of the amplitude 1 coef?cients, and denote by k, 
k=2, 3, . . . ,M the amplitude of the ending coef?cient. It also 
is possible to have all 1’s in the cluster. One embodiment of 
the Multi-Table Amplitude Coding Method includes assign 
ing a variable length code for each identi?ed event of the 
combination of the runlength of 1’s and the amplitude of the 
?nal coefficient, or for an exception of all l’s. The variable 
length code may be assigned using assumed or measured 
statistics. A2-D code table may be built to assign the codes. 
There is a different code table for each cluster length n. 
Denote by Cn(j,k) the variable length codeWord. Suppose 
there are p such events in a cluster of length n. Denote by 
news the number of such events in a cluster of length m, and 
ji and ki the runlength of preceding amplitude-1 coef?cients, 
and the value of the ?nal coefficient, respectively, in the ith 
event, i=1, 2, . . . , nevents, ji=0, 1, . . . , and ki=2, 3, . . . . 

Further denote by 5i(1), 5i(2), . . . , 5i(ji+1) the sign code of 
the non-Zero coefficients in the ith event. Then, using an 
embodiment of the 2-D Non-Zero/Zero Cluster Coding 
Method together With an embodiment of the Multi-Table 
Amplitude Coding Method, and denoting concatenation 
over the values of i by 1, the codeWords for the ?rst region 
are: 

C(z,n)+E;{Cn(j;,ki)+S;(1)+ . . . +S;(]';+1)}. 

[0057] Furthermore, using the Basic Hybrid Coding 
Method or the Extended Hybrid Coding Method With the 
Multi-Table Amplitude Coding Method, the codeWords are: 

C(n)+Ei{Cn(ji,k|-)+Si(1)+ . . . +Si(ji+1)}+C'(z). 

[0058] Note that the inventors have noted that for short 
clusters, e.g., n=2 or 3, the Basic Multi-Dimensional Ampli 
tude Coding Method Works Well, While for longer clusters, 
e.g., n>3, the Multi-Table Amplitude Coding Method is 
preferred. Thus, one embodiment uses both the Basic Multi 
Dimensional Amplitude Coding Method and the Multi 
Table Amplitude Coding Method depending on the length of 
the cluster of non-Zero-valued coef?cients. 

[0059] For example, in the case that the Basic Multi 
Dimensional Amplitude Coding Method is used for cluster 
lengths né 3, and the Multi-Table Amplitude Coding 
Method is used for cluster lengths n>3, and the 2-D Non 
Zero/Zero Cluster Coding Method is used for encoding the 
relative position of a cluster of non-Zero-valued coefficients 
of length n, then the code for the cluster and position may 
be expressed as 

S;(1)+ . . . +S;(]';+1)}. 

[0060] Another Way of expressing this coding function is 
as: 



US 2006/0039615 A1 

[0061] Where ot=1 for short clusters of non-Zero-valued 
coef?cients, for example, values of n=1, 2, or 3, and ot=0 for 
n>3. 

[0062] Moving onto 109, in the version shoWn in FIG. 1, 
the second, e.g., high frequency region is encoded as 
described in the Extended Hybrid Coding method. Thus, in 
109, events are de?ned that are each either no consecutive 
Zero-valued coef?cients, or a run of one or more Zero-valued 

coef?cients folloWed by a single non-Zero-valued coef? 
cient. Any such non-Zero coef?cient is assumed to have 
amplitude 1 such that no amplitude encoding is required for 
such a coef?cient. Anon-amplitude-1, non-Zero coefficient is 
marked as an exception. Furthermore, the remainder of the 
block being Zero is also identi?ed. In 111, for each identi?ed 
event in the second region, the runlength of the Zero-valued 
coef?cients preceding the single non-Zero-valued coef?cient 
is encoded using a variable length runlength coding method, 
implemented, e.g., as a coding table. The sign of the ending 
non-Zero-value coef?cient is encoded by a sign bit, and, in 
the case that the non-Zero-valued coefficient is the excep 
tional case of not having amplitude 1, an exception code 
folloWed by an amplitude code is included. The amplitude 
code is obtained, e.g., using an amplitude coding table, 
Which in general is different than the amplitude coding table 
used for encoding the non-Zero-amplitudes in the ?rst 
region, since the second region amplitudes are more likely 
to have loWer value than the ?rst region amplitudes. 

[0063] HoW to set up the codeWord tables includes either 
assuming or obtaining statistics for typical series of coef? 
cient image blocks, or, in an adaptive system, by measure 
ment of the relative frequencies of occurrence of events and 
amplitudes, depending on the coding method, e.g., code 
table. 

[0064] FIG. 2 shoWs a code table for the positions of 
Zeroes and clusters of non-Zero coefficients using an 
embodiment of the 2-D Non-Zero/Zero Cluster Coding 
Method. FIG. 3 shoWs a 3-D code table 305 for the 
amplitudes up to value M of clusters of three consecutive 
non-Zero coefficients. FIG. 4 shoWs a set of 2-D code tables 
for the events Within a cluster of n non-Zero coef?cients, 
each event being a runlength of preceding amplitude 1 
coef?cients for the runlength=0, 1, . . . , n-1, folloWed by the 

?nal amplitude larger than 1. Since the runs of the non-Zero 
values can be all amplitude 1, such events, called exceptions, 
have been denoted as “Exc” and the codeWord for such 
events denoted by Cn(Exc). Note that there are n such tables 
of the events, depending on the runlength of the cluster of 
non-Zero amplitude coef?cients. 

[0065] One aspect of the present invention is to jointly 
encode the relative position and runlength of each clusters of 
non-Zero valued coefficients With the amplitudes of the 
non-Zero-coef?cients in the cluster to form a joint codeWord 
for the combination of the relative position of the cluster and 
of the non-Zero amplitudes Within the cluster. In particular, 
one aspect of the present invention is that rather than 
concatenating the codes for the position of clusters With the 
codes for the amplitudes of the non-Zero coef?cients in the 
clusters, a function of the position on the one hand, and 
non-Zero amplitudes on the other hand, is used to obtain a 
single codeWord for the position and non-Zero-coef?cient 
amplitudes of the cluster. In one embodiment, the signs of 
the non-Zero amplitudes are included such that the function 
is also of the signs of the non-Zero amplitudes. 
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[0066] FIG. 5 shoWs a How chart of one embodiment of 
a hybrid variable length coding (VLC) method, Which 
includes jointly encoding the relative positions and lengths 
of clusters of non-Zero-valued coef?cients and runs of Zero 
valued coef?cients, and the amplitudes in the runs of non 
Zero-valued coef?cients. 

[0067] In 101, a breakpoint is provided, as in FIG. 1, to 
de?ne a ?rst (low-frequency) region and a second (high 
frequency) region along the ordering of a series of quantiZed 
transform coef?cients. 

[0068] In 503, position events in the ?rst region are 
identi?ed. The position events are to provide the relative 
positions and runlengths of clusters of non-Zero-valued 
coef?cients and of intervening runs of Zero-valued coef? 
cients. In one version, identifying these position events 
includes recogniZing events as described in the Basic Hybrid 
Coding Method and the Extended Hybrid Coding Method. 
When the idea of the 2-D Non-Zero/Zero Cluster Coding 
Method is used, the events are de?ned by the runlength of 
any run of consecutive Zero-valued coef?cients that precedes 
a cluster of non-Zero values coef?cients folloWed by a single 
Zero-valued coef?cient, and the runlength of the cluster of 
non-Zero-valued coef?cient. 

[0069] In 507 amplitude events in the ?rst region are 
identi?ed. When the joint coding includes the ideas behind 
the Basic Multi-Dimensional Amplitude Coding Method, 
the amplitude events are the amplitudes in the cluster of 
non-Zero-valued coef?cients. One embodiment further 
includes the signs of the non-Zero-coef?cients in the cluster. 
When the joint coding includes the ideas behind the Multi 
Table Amplitude Coding Method, the events are, Within each 
cluster, the runlengths of any run of consecutive amplitude-1 
coef?cients that precedes any coef?cient of amplitude 
greater than one, and the value of the ending amplitude. In 
one embodiment, the amplitude events include the signs of 
the non-Zero coef?cients in the cluster of non-Zero-valued 
coef?cients. 

[0070] In 509, the identi?ed position events and amplitude 
events for each cluster of non-Zero-valued coefficients and 
intervening Zero-valued coef?cients in the ?rst region are 
jointly encoded. Assuming the position events use the ideas 
described in the 2-D Non-Zero/Zero Cluster Coding 
Method, denote by R(Z,n) each recogniZed position event 
representing a cluster of n consecutive non-Zero-valued 
coef?cients preceded by a run of Z Zero-valued coefficients 
folloWed by a single Zero-valued coef?cient, Z=0, 1, . . . , 

n=1, 2, . . . . Further, assuming joint amplitude coding as in 
Basic Multi-Dimensional Amplitude Coding Method, 
denote by m(1), . . . ,m(n) the n non-Zero amplitudes in the 
cluster. Then, in accordance With one embodiment, instead 
of encoding position and amplitude independently and con 
catenating the results together as C(Z,I1)+An(II1(1), . . . 

,m(n)), Where C(Z,n) is a position code for R(Z,n), and 
An(m(1), . . . ,m(n)) is the joint amplitude code for the 
non-Zero amplitudes, one aspect of the invention is that 509 
of carries out the encoding by a joint integrated coding 
function of the position events and of the amplitude events. 
That is, for the cluster at position R(Z,n), 

[0071] Where VR(Z)n))An{} is the code for the combination 
of R(Z,n) and amplitudes m(1), . . . ,m(n). In one embodi 
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ment, VR(Z,I1),An{.} is also a function of the concatenated 
code bits used to encode the signs of the non-Zero-valued 
coef?cients in the cluster of non-Zero coefficients. 

[0072] Thus, to encode the region, the position events of 
clusters of non-Zero-amplitude coef?cients preceded by a 
run of Zero-valued coefficients and followed by a single 
Zero-valued coef?cient R(Z,n) are recognized as in the 2-D 
Non-Zero/Zero Cluster Coding Method, and the amplitude 
events of the cluster are identi?ed as in the Basic Multi 
Dimensional Amplitude Coding Method. The resulting posi 
tion and amplitude events are used to look up a codeWord 

using a multi-dimensional coding table VR(Z,I1),An{R(Z,I1), 
m(1), . . . ,m(n)}. The table VR(Z>D))An is built up using 
assumed, or in an adaptive method, using measured statis 
tics. Of course the dimensionality of the table is quite large: 
tWo more than the dimensionality of using the Basic Multi 
Dimensional Amplitude Coding Method. 

[0073] In another embodiment of 507, the amplitude 
events of the Multi-Table Amplitude Coding Method are 
used together With the position events of 2-D Non-Zero/Zero 
Cluster Coding Method to jointly encode the position and 
amplitude of the cluster. The integrated code of step 507 in 
such an embodiment can be described as: 

[0074] Where VR(Z)n))cn{.} is a the joint code for the 
combination of the position event R(Z,n) as de?ned in the 
2-D Non-Zero/Zero Cluster Coding Method, each (ji,ki) is 
the i’th amplitude events recogniZed in the cluster, i at least 
1, such i’th event having a single non-Zero amplitude, 
denoted ki, With ki greater than 1, preceded by a run of ji 
consecutive amplitude-1 coef?cients, jiZO, as de?ned in the 
Multi-Table Amplitude Coding Method. In one embodi 
ment, the amplitude events are combined With the 
sign codes for each such event, such that VR(Z)n))cn{.} is also 
a function of the code bits used to encode the signs of the 
non-Zero-valued coef?cients of the amplitude events in the 
cluster of non-Zero-valued coef?cients. 

[0075] In yet another embodiment, integration of the posi 
tion and amplitude events in 507 by a single joint encoding 
is extended to using position events according to at least one 
position coding method to include position encoding in the 
joint coding, and to using amplitude events according to at 
least one amplitude coding method to include position 
encoding in the joint coding. 

[0076] In one embodiment, as an example, the position 
events of a cluster of non-Zero coef?cients are identi?ed as 

in the 2-D Non-Zero/Zero Cluster Coding Method, for some 
cluster lengths, amplitude events as used in the Basic 
Multi-Dimensional Amplitude Coding Method are used, and 
for other cluster lengths, amplitude events as used in the 
Multi-Table Amplitude Coding Method are used. The result 
ing joint code for the cluster may be de?ned by the encoding 
function of the position event and the amplitude events for 
a cluster of non-Zero-valued coef?cients as: 

[0077] Another Way of expressing this coding function is 
as: 
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[0078] Where ot=1 for short clusters of non-Zero-valued 
coef?cients, for example, values of n=1, 2, or 3, and ot=0 for 
n>3. Using such a combined code is based on the observa 
tion that the inventors made that the performance of using 
the Basic Multi-Dimensional Amplitude Coding Method 
reaches a diminishing return after a small dimension/cluster 
such as n=3, and the performance of the Multi-Table Ampli 
tude Coding Method improves for larger clusters. 

[0079] Of course such joint coding of both relative posi 
tion, of runlength, and of the amplitudes of each cluster can 
lead to extremely complex and large coding tables. In 
practice, the inventors have found that because relatively 
loW non-Zero amplitude values such as 1 and 2 are so much 
more likely-to-occur than higher amplitude values such as 3, 
4, 5, and so forth. Therefore, in a practical implementation, 
the amplitude values for clusters of non-Zero-coefficients 
used in the joint encoding functions are restricted relatively 
loW amplitude values such as 1 and 2. Clusters containing 
higher values such as 3, 4, 5, . . . are encoded by separate 
position and amplitude codes as described, for example, in 
a combination of the 2-D Non-Zero/Zero Cluster Coding 
Method With the Basic Multi-Dimensional Amplitude Cod 
ing Method, or in a combination of the 2-D Non-Zero/Zero 
Cluster Coding Method With the Multi-Table Amplitude 
Coding Method, or in a combination of both methods. 
Because non-Zero amplitude values of 1 and 2 are so much 
more likely-to-occur than the higher amplitudes, so limiting 
the amplitudes encoded by the joint encoding function 
should not affect the essential performance of the methods 
too much. 

[0080] It should be noted that in each case, the joint coding 
function is different for each runlength of non-Zero-valued 
coef?cients. 

EXAMPLE 

[0081] Coding using aspects of the present invention are 
noW described as an example, and compared to encoding 
according to conventional 2D-VLC, the Basic Hybrid VLC 
Method, the 2-D Non-Zero/Zero Cluster Coding Method 
With conventional amplitude coding, the 2-D Non-Zero/Zero 
Cluster Coding Method With the Multi-Dimensional Ampli 
tude Coding Method, and the 2-D Non-Zero/Zero Cluster 
Coding Method With the Multi-Table Amplitude Coding 
Method. 

[0082] Suppose a sequence of quantized transform coef 
?cients in the loW frequency region is as folloWs, excluding 
the DC coef?cient, and assuming a breakpoint N=19: 

[0083] 3-111-21100-12101-10001|0, 
[0084] Where | represents the breakpoint. 

Coding using Conventional 2D-VLC 

[0085] Coding using conventional 2D -VLC includes iden 
tifying events of a run of preceding Zero-valued coefficients 
folloWed by a single non-Zero coefficient. Using | to separate 
such events, the loW frequency region consists of: 



US 2006/0039615 A1 

[0087] Where CZj represents 2D-VLC code for an event of 
a runlength of Z preceding Zero-valued coefficients, Z=0, 1, 
. . . , followed by a single non-Zero coef?cient of amplitude 

j, j=1, 2, . . . , and Where S+ and S_ represents codes used to 
encode positive and negative signs, respectively. 

Coding using the Basic Hybrid VLC Method 

[0088] Coding using the Basic Hybrid VLC Method in the 
?rst (loW-frequency) region includes identifying events of a 
run of Zero-valued coef?cients and alternate runs (clusters) 
of non-Zero coef?cients. Using | to separate such events, the 
loW frequency region consists of: 

[0089] |3-111-211|00|-121|0|1-1|000|1| 

[0091] Where C(n) and C‘(Z) represent the codeWords, e. g., 
the runlength codes for the runlength denoted n of non-Zero 
coef?cient clusters and for the runlength denoted Z of 
consecutive Zero-valued coef?cients, respectively, and Ai 
represents the magnitude of non-Zero arnplitude. 

Coding using the 2-D Non-Zero/Zero Cluster Coding 
Method With Conventional Arnplitude Coding 

[0092] Coding using the 2-D Non-Zero/Zero Cluster Cod 
ing Method With separate arnplitude coding of the non-Zero 
valued coef?cients in the ?rst (loW-frequency) region 
includes identifying events of a run of Zero-valued coef? 
cients preceding a run (cluster) of non-Zero coefficients 
folloWed by a single Zero-valued coef?cient. Using | to 
separate such events, the loW frequency region consists of, 
assuming a soft boundary: 

[0093] |3-111-2110|0-1210|1-10|0010|. 
[0094] The code is: 

Coding using the 2D Non-Zero/Zero Cluster Coding 
Method With the Multi-Dirnensional Arnplitude Coding 
Method 

[0096] Coding using the the 2-D Non-Zero/Zero Cluster 
Coding Method With the Multi-Dirnensional Arnplitude 
Coding Method to code the position and amplitudes of 
clusters non-Zero-valued coef?cients in the ?rst (loW-fre 
quency) region includes identifying events of a run of 
Zero-valued coef?cients preceding a run (cluster) of non 
Zero coef?cients folloWed by a single Zero-valued coef? 
cient. Using | to separate such events, the loW frequency 
region consists of, assuming a soft boundary, the sequence 
can be Written as: 
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[0099] Where are n-dirnensional functions of the 
amplitudes of the n-consecutive non-Zero amplitudes in a 
cluster. Note that in practice, it is unlikely that the seven 
dirnensional codes A7 Would be used, and such a code is 
presented here for illustrative purposes only. 

Coding using the 2-D Non-Zero/Zero Cluster Coding 
Method With the Multi-Table Arnplitude Coding Method 

[0100] Coding using the the 2-D Non-Zero/Zero Cluster 
Coding Method and the Multi-Table Arnplitude Coding 
Method to code the positions and amplitudes of clusters of 
non-Zero-valued coef?cients in the ?rst (loW-frequency) 
region identifying runs of Zero-valued coef?cients preceding 
runs (cluster) of non-Zero coefficients folloWed by a single 
Zero-valued coef?cient, then Within a cluster of n consecu 
tive non-Zero coefficients, identifying events of a run of 
consecutive arnplitude 1 coef?cients folloWed by a single 
coef?cient of amplitude greater than 1. Using | to separate 
such runs of Zero preceding clusters of non-Zeroes folloWed 
by a single Zero, the loW frequency region consists of, 
assuming a soft boundary, the region is: 

[0101] |3-111-2110|0-1210|1-10|0010|. 
[0102] The code is: 

[0104] Where by Cn(j,k) denotes the variable length code 
Word Within a cluster of n non-Zero-valued coefficients for a 
run of j arnplitude-1 coef?cients preceding a coef?cient of 
value k>1, and Cn(Esc) denotes codeWord Within a cluster of 
n non-Zero-valued coef?cients for a run of only arnplitude-1 
coef?cients that is not folloWed by a coef?cient of amplitude 
greater than 1. 

Coding using the Code of the 2D Non-Zero/Zero Cluster 
Coding Method and the Code of the Multi-Dirnensional 
Arnplitude Coding Method for Short Clusters, or the Code 
of the Multi-Table Arnplitude Coding Method for Longer 
Clusters 

[0105] Coding using the code of the 2-D Non-Zero/Zero 
Cluster Coding Method and the code of the Multi-Dirnen 
sional Arnplitude Coding Method for short clusters, or the 
code of the Multi-Table Arnplitude Coding Method for 
longer clusters to code the non-Zero-valued coef?cients in 
the ?rst (loW-frequency) region includes identifying runs of 
Zero-valued coef?cients preceding runs (cluster) of non-Zero 
coef?cients folloWed by a single Zero-valued coefficient. The 
method further includes encoding the non-Zero arnplitudes 
With a rnulti-dirnensional code for clusters of up to three 
non-Zero coef?cients, and, for any cluster of n>3 consecu 
tive non-Zero coefficients, identifying events of a run of 
consecutive arnplitude 1 coef?cients folloWed by a single 
coef?cient of amplitude greater than 1. Using | to separate 
such runs of Zero preceding clusters of non-Zeroes folloWed 
by a single Zero, the loW frequency region consists of, 
assuming a soft boundary, the region is: 
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[0108] Note that for the ?rst cluster of 7 non-Zero coef? 
cients, the Multi-Table Amplitude Coding Method is used to 
encode the non-Zero valued coef?cients, While for the other 
clusters of non-Zero-valued coef?cients, because the run 
length of the cluster is three or less, the Basic Multi 
Dimensional Amplitude Coding Method is used to encode 
the amplitudes in the cluster. 

Coding using a Combination Code that Combines the Code 
of the 2-D Non-Zero/Zero Cluster Coding Method and the 
Code of the Multi-Dimensional Amplitude Coding Method 

[0109] Coding using a combination code that jointly 
encodes the position events of the 2-D Non-Zero/Zero 
Cluster Coding Method and the amplitude events of the 
Multi-Dimensional Amplitude Coding Method to code the 
non-Zero-valued coef?cients in the ?rst (loW-frequency) 
region includes identifying runs of Zero-valued coefficients 
preceding runs (cluster) of non-Zero coef?cients folloWed by 
a single Zero-valued coef?cient, then jointly encoding these 
position events With the non-Zero amplitudes, e.g., using a 
multi-dimensional code. Using | to separate such runs of 
Zero preceding clusters of non-Zeroes folloWed by a single 
Zero, the loW frequency region consists of, assuming a soft 
boundary, the region is: 

[0110] |3-111-2110|0-1210|1-10|0010. 
[0111] The code is: 

A2{R(0,2), ,I]+§++S,+VR(ZYH)YAZ{R(Z,1),1}+S+, 
[0112] Where the joint codes do not include the signs of 
each coef?cient, such that sign codes are included sepa 
rately. Note that in practice, it is unlikely that the seven 
dimensional cluster Would be so jointly encoded-the run 
length is very high, and such a code is presented here for 
illustrative purposes only. 

Coding using a Combination Code that Combines the Code 
of the 2D Non-Zero/Zero Cluster Coding Method and the 
Code of the Multi-Table Amplitude Coding Method 

[0113] Coding using a combination code that combines 
the position events of the 2-D Non-Zero/Zero Cluster Cod 
ing Method and the amplitude events of the Multi-Table 
Amplitude Coding Method to jointly code the position and 
amplitudes of clusters of non-Zero-valued coefficients in the 
?rst (loW-frequency) region includes identifying runs of 
Zero-valued coef?cients preceding runs (cluster) of non 
Zero-valued coef?cients folloWed by a single Zero-valued 
coef?cient, then Within a cluster of n consecutive non-Zero 
coef?cients, identifying events of a run of consecutive 
amplitude 1 coef?cients folloWed by a single coef?cient of 
amplitude greater than 1. Using | to separate such runs of 
Zero preceding clusters of non-Zeroes folloWed by a single 
Zero, the loW frequency region consists of, assuming a soft 
boundary, the region is: 

[0116] Where again, the signs are coded separately. 
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[0117] It should be noted that the examples above that use 
the Basic Multi-Dimensional Amplitude Coding Method are 
for illustrative purposes only. In practice, the siZe of the 
dimension for clustered amplitudes need to be limited to 
loWer numbers such as 1, 2 and 3 for practical implemen 
tation. 

[0118] Coding using a Combination Code that Combines 
the Code of the 2D Non-Zero/Zero Cluster Coding Method 
With the Code of the Multi-Dimensional Amplitude Coding 
Method for Short Clusters, and With the Code of the Multi 
Table Amplitude Coding Method for Longer Clusters 

[0119] Coding using a combination code that combines 
the position event identi?cation of the 2-D Non-Zero/Zero 
Cluster Coding Method With the amplitude events of the 
Basic Multi-Dimensional Amplitude Coding Method for 
short clusters, and With the amplitude events of the Multi 
Table Amplitude Coding Method for longer clusters to 
jointly code the relative position and non-Zero amplitudes of 
clusters of non-Zero-valued coef?cients in the ?rst (loW 
frequency) region includes identifying runs of Zero-valued 
coef?cients preceding runs (cluster) of non-Zero coefficients 
folloWed by a single Zero-valued coef?cient. The method 
further includes jointly encoding the relative position and 
the non-Zero amplitudes With a multi-dimensional code for 
clusters of up to three non-Zero coef?cients, and, for each 
cluster of n>3 consecutive non-Zero coefficients, identifying 
events of a run of consecutive amplitude 1 coef?cients 
folloWed by a single coef?cient of amplitude greater than 1, 
then jointly encoding the position event With the identi?ed 
amplitude events. Using | to separate such runs of Zero 
preceding clusters of non-Zeroes folloWed by a single Zero, 
the loW frequency region consists of, assuming a soft 
boundary, the region is: 

[0120] |3-111-2110|0-1210|1-10|0010. 
[0121] The code is: 

[0122] 
[0123] Note that for the ?rst cluster of 7 non-Zero coef? 
cients, the amplitude event identifying of the Multi-Table 
Amplitude Coding Method is used, and then joint coding 
function of the position event and amplitude events is used, 
While for the other clusters of non-Zero-valued coef?cients, 
because the runlength of the cluster is three or less, the event 
identifying of the Basic Multi-Dimensional Amplitude Cod 
ing Method is used for the cluster, and a joint coding 
function of the position event and the amplitude event is 
used to obtain the complete codeWords. 

[0124] In an actual implementation, the inventors have 
noted that a maximal length can be de?ned for the clusters 
of non-Zero amplitudes. Such use of maximal length is 
de?ned in the 2-D Non-Zero/Zero Cluster Coding Method. 

Where again, the signs are coded separately. 

[0125] Furthermore, in a practice, the inventors have 
found that because relatively loW non-Zero amplitude values 
such as 1 and 2 are so much more likely-to-occur than higher 
amplitude values such as 3, 4, 5, and so forth, and because 
the joint coding tables can become complex When there are 
many possible amplitude values, a practical implementation 
limits the amplitude values for clusters of non-Zero-coef? 
cients used in the joint encoding functions to relatively loW 
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amplitude values such as 1 and 2. Higher values such as 3, 
4, 5, . . . are then encoded by separate position and amplitude 
codes as described, for example, in a combination of the 2-D 
Non-Zero/Zero Cluster Coding Method With the Basic 
Multi-Dimensional Amplitude Coding Method, or in a com 
bination of the 2-D Non-Zero/Zero Cluster Coding Method 
With the Multi-Table Amplitude Coding Method. Because 
non-Zero amplitude values of 1 and 2 are so much more 
likely-to-occur than the higher amplitudes, so limiting the 
amplitudes encoded by the joint encoding function should 
not affect the essential performance of the method too much. 

[0126] HoW to establish the breakpoint is described in the 
Basic Hybrid Coding Method. One version uses a ?xed 
breakpoint betWeen the ?rst, e.g., loW frequency region, and 
the second, e.g., high frequency region. In one embodiment, 
the ?xed breakpoint is pre-determined for each type of 
image and for each type of compression method by running 
experiments collecting statistics on a set of typical samples 
of such images. Typically, different breakpoints are deter 
mined for: 

[0127] intraframe and still image coding vs. interframe 
coding; 

[0128] standard de?nition television images (SDTV) 
vs. HDTV images; 

[0129] high bit rate coding methods vs. loW bit rate 
coding methods; 

[0130] DCT vs. non-DCT transforms; 

[0131] 
[0132] When ?xed breakpoints are used, there is already 
an indication passed on to the decoder to indicate the type of 
image, e.g., Whether interframe or intraframe. Thus, there is 
typically no need to send a further indication to the decoder 
of the breakpoint. 

and so forth. 

[0133] The inventors performed experiments on typical 
still images—applicable also to intraframe images in motion 
coding—by performing variable length coding according to 
embodiments of the present invention, and plotting the siZe 
of the compressed image for different breakpoint values for 
the case of 8 by 8 blocks quantized to 127 non-Zero 
amplitudes using the DCT, and observed that a breakpoint of 
22 Worked for most images, although some images Worked 
Well With a breakpoint of about 12. Therefore, in one 
embodiment for intraframe and still images for DCT trans 
form coding, a pre-selected ?xed breakpoint of 22 Was used. 

[0134] In a ?rst variation, the breakpoint is image depen 
dent and selected from a ?nite set according to a breakpoint 
selection criterion. For example, from the above-described 
experiments, the compression using a ?rst breakpoint of 22 
Was compared to the compression using a second breakpoint 
of 10, and the breakpoint that gave the higher compression 
Was used. Other breakpoint selection criteria also are pos 
sible, e.g., by looking at the statistics of runs of Zero-valued 
coef?cients and non-Zero-valued coef?cients. 

[0135] When such an image-dependent breakpoint is used, 
an indication of the breakpoint is also sent With each set of 
coef?cients. In one embodiment, a 2-bit indication is sent. 
This provides for each block to be encoded using one of 4 
pre-de?ned breakpoints. In an alternate embodiment, the 
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indication of Which pre-de?ned breakpoint is sent as a 
variable length code such that more common breakpoints are 
encoded by a shorter code. 

[0136] While typically, the set of possible breakpoints is a 
small subset of the possible positions in the series, in yet 
another variation, the image dependent breakpoint is 
selected from anyWhere in the series, or, in an alternate 
variation, from anyWhere along a subrange. 

[0137] In an improved embodiment, instead of the break 
point de?ning a ?xed boundary betWeen the ?rst and second 
region, called a “hard” boundary herein, or a set of break 
points de?ning a set of hard breakpoints, such that an event 
or generaliZed event that includes a sequence of up to the 
maximal length of consecutive Zero-valued coefficients fol 
loWed by a run of non-Zero values that crossed the break 
point Would be regarded as a generaliZed event in the ?rst 
region up to the breakpoint. In such a case, the breakpoint 
de?nes What is called herein a “soft” boundary in that any 
event that started in the ?rst region Would be encoded in the 
?rst region even if it crossed the breakpoint. Thus, the actual 
boundary for a particular block of coef?cients might extend 
beyond the breakpoint. 

[0138] Thus, according to one method embodiment of the 
invention, one 2-D position code table is used to represent 
the runs of clustered Zeros and clustered non-Zero-valued 
coef?cients that end in a single Zero-valued coef?cient, as 
described in the 2-D Non-Zero/Zero Cluster Coding 
Method, and a number of relatively short 2-D amplitude 
code tables, such a number denoted by “n,” With the length 
of the tables ranging from 1 to n, are used to encode events 
that are each runs of amplitude-1 coef?cients terminating in 
an amplitude greater than 1 Within the cluster of n non-Zero 
valued coef?cients. 

[0139] The inventors have found that using such a method 
provides performance as good as or superior to the methods 
proposed in The Basic Hybrid VLC Method of above 
mentioned incorporated-by-reference US. patent applica 
tion Ser. No. 10/869,229 and the 2-D Non-Zero/Zero Cluster 
Coding Method of above-mentioned incorporated-by-refer 
ence U.S. patent application Ser. No. 10/922,508. It is also 
comparable to the Basic Multi-Dimensional Amplitude Cod 
ing Method of the above-mentioned incorporated-by-refer 
ence U.S. patent application Ser. No. 10/922,507 With the 
advantage of ease of implementation. 

Apparatus 

[0140] Another aspect of the invention is an apparatus for 
coding a series of digital signals, e.g., an ordered series of 
quantiZed coef?cients of a transformed block of image data. 
FIG. 6 shoWs an apparatus 600 that includes a processing 
system 602 that includes one or more processors 604 and a 
memory 606. A single processor is shoWn in FIG. 6 and 
those in the art Will appreciate that this may represent several 
processors. Similarly, a single memory subsystem 606 is 
shoWn, and those in the art Will appreciate that the memory 
subsystem may include different elements such as RAM, 
ROM, and so forth. In addition, the memory subsystem is 
meant to include any non-volatile memory storage such as a 
magnetic or optical storage component. Acomputer program 
608 is included and is loaded into the memory 606. Note that 
at any time, some of the program may be in different parts 
of the memory subsystem, as Will be understood by those in 
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the art. The program 608 includes instructions to instruct the 
processor to implement, in different versions, the different 
coding methods described above. The processor thus accepts 
as data the ordered coef?cients and generates the codeWords. 
The apparatus 600 further includes in the memory sub 
system 606 a coding data structure 610 that provides the 
codeWords for sets of one or more coef?cients as described 

in any one of the novel coding methods described herein. In 
one embodiment, the data structure is in the form of the 
coding tables for the position codes and for the amplitude 
codes, and for the joint coding function of position code and 
amplitude code. 

[0141] Note that FIG. 6 does not shoW details such as bus 
structures, I/O structures, etc., that may be included since the 
need for such structures Would be knoWn to those in the art 
and their inclusion Would only obscure the inventive aspects 
of the apparatus. Furthermore, the processing system may be 
implemented using one or more general purpose micropro 
cessors, one or more microcontrollers that include several 

memory and other elements, one or more DSP devices, or 
any other programmable processors. Furthermore, the pro 
cessors may be standalone devices, or may be implemented 
as “cores” to be included in an ASIC, gate array, or other 
device. 

[0142] Another aspect of the invention is a memory (such 
as memory 606 in FIG. 6) that stores a coding data structure 
that provides the codeWords for sets of one or more coef 
?cients as described in any one of the novel coding methods 
described herein. In one embodiment, the data structure is in 
the form of one or more tables. 

[0143] Thus, a variable length coding method and appa 
ratus has been described suitable for encoding the quantiZed 
transform coef?cients of blocks of images as occur in 
common image compression methods. 

[0144] Another aspect of the invention is a method to 
decode a bitstream in order to form a series of quantiZed 
coef?cients of a transform of a block of image data, the 
transform such that 0 is the most likely coef?cient amplitude 
and 1 is the neXt most likely coef?cient amplitude. The 
bitstream is encoded by the coding method described above 
including, for a ?rst contiguous region in the series, identi 
fying clusters of at least one non-Zero-valued coef?cients, 
and for each such cluster, identifying at least one position 
event to identify the relative position and runlength of the 
cluster of non-Zero coef?cients, and identifying at least one 
amplitude event to de?ne the non-Zero amplitudes in the 
cluster of non-Zero coef?cients. The method further includes 
jointly coding the identi?ed position event(s) and the iden 
ti?ed amplitude event(s) such that relatively short code 
Words are formed to represent values or sequences of values 
that are relatively more likely-to-occur, and relatively long 
codeWords are formed to represent values or sequences of 
values that are relatively less likely-to-occur. The method is 
applicable to encoding a region in the series Where there is 
likely to be a cluster of non-Zero-valued coef?cients. 

[0145] The decoding method includes recogniZing a code 
Word, determining the event represented by the recogniZed 
codeWord; and determining the sub-series of coef?cients of 
each determined event, until all coef?cients in the series are 
determined. 

[0146] Another aspect of the invention is an apparatus for 
decoding a bitstream encoded by any of the methods 
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described herein or in the Patent Applications described in 
the RELATED PATENT APPLICATIONS Section. FIG. 7 
shoWs one embodiment of the apparatus. A codeWord rec 
ogniZer 702 accepts the bits of a bitstream and recogniZes a 
codeWord of a set of possible codeWords that each represents 
an event. The codeWord recogniZer determines Which of the 
?ve coding tables the codeWord is from. A decoder 704 is 
coupled to the codeWord recogniZer 702 and determines the 
data for the codeWord recogniZed by the codeWord recog 
niZer, e.g., the runlength of non-Zeroes, the runlength of 
Zeroes, the sign, etc. In one embodiment, the decoder 704 
includes a lookup device that looks up the appropriate 
decoding table stored in a memory 706. That table provides 
the event for at least some of the codeWords of the set of 
codeWords. Other codeWords may include an escape code, 
so that decoding is by other than a table lookup method. In 
one embodiment, the bitstream is stored in a buffer 708, and 
the output of the buffer is coupled to the codeWord recog 
mZer. 

[0147] While in the embodiment shoWn in FIG. 7, the 
memory is shoWn separate from the lookup device, those in 
the art Will understand that in other embodiments, the lookup 
device includes memory for the tables, and such other 
embodiments are included herein. 

[0148] Note further that in FIG. 7, the codeWord recog 
niZer and also the lookup device may be each implemented 
on a computer as a set of instructions stored in a memory, 

e.g., the memory 706, that instruct one or more processors 
to carry out the operations of the recognition and of the 
lookup. 

[0149] Another aspect of the invention is a memory (such 
as memory 706 in FIG. 7) that stores a decoding data 
structure that provides the data for any set of codeWords 
recogniZed in a bitstream of compressed image data. The 
bitstream is coded by any one of the novel coding methods 
described herein. In one embodiment, the data structure is in 
the form of one or more tables. 

[0150] The coding and decoding methodologies described 
herein are, in one embodiment, performable by a machine 
Which includes a one or more processors that accept code 
segments containing instructions. For any of the methods 
described herein, When the instructions are eXecuted by the 
machine, the machine performs the method. Any machine 
capable of executing a set of instructions (sequential or 
otherWise) that specify actions to be taken by that machine 
are included. Thus, one typical machine may be exempli?ed 
by a typical processing system that includes one or more 
processors. Each processor may include one or more of a 
CPU, a graphics processing unit, and a programmable DSP 
unit. The processing system further may include a memory 
subsystem including main RAM and/or a static RAM, 
and/or ROM. A bus subsystem may be included for com 
municating betWeen the components. If the processing sys 
tem requires a display, such a display may be included, e.g., 
a liquid crystal display (LCD) or a cathode ray tube (CRT) 
display. If manual data entry is required, the processing 
system also includes an input device such as one or more of 
an alphanumeric input unit such as a keyboard, a pointing 
control device such as a mouse, and so forth. The term 
memory unit as used herein also encompasses a storage 
system such as a disk drive unit. The processing system in 
some con?gurations may include a sounds output device, 
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and a network interface device. The memory subsystem thus 
includes a carrier medium that carries machine readable 
code segments (e.g., softWare) including instructions for 
performing, When executed by the processing system, one of 
more of the methods described herein. The softWare may 
reside in the hard disk, or may also reside, completely or at 
least partially, Within the RAM and/or Within the processor 
during execution thereof by the computer system. Thus, the 
memory and the processor also constitute carrier medium 
carrying machine readable code. 

[0151] In alternative embodiments, the machine operates 
as a standalone device or may be connected, e.g., networked 
to other machines, in a netWorked deployment, the machine 
may operate in the capacity of a server or a client machine 
in a server-client netWork environment, or as a peer machine 
in a peer-to-peer or distributed netWork environment. The 
machine may be a personal computer (PC), a tablet PC, a 
set-top box (STB), a Personal Digital Assistant (PDA), a 
cellular telephone, a Web appliance, a netWork router, sWitch 
or bridge, or any machine capable of executing a set of 
instructions (sequential or otherWise) that specify actions to 
be taken by that machine. 

[0152] Note that While some diagram(s) only shoW(s) a 
single processor and a single memory that carries the code, 
those in the art Will understand that many of the components 
described above are included, but not explicitly shoWn or 
described in order not to obscure the inventive aspect. For 
example, While only a single machine is illustrated, the term 
“machine” shall also be taken to include any collection of 
machines that individually or jointly execute a set (or 
multiple sets) of instructions to perform any one or more of 
the methodologies discussed herein. 

[0153] Thus, one embodiment of each of the methods 
described herein is in the form of a computer program that 
executes on a processing system, e.g., one or more proces 

sors that are part of an image encoder. Thus, as Will be 
appreciated by those skilled in the art, embodiments of the 
present invention may be embodied as a method, an appa 
ratus such as a special purpose apparatus, an apparatus such 
as a data processing system, or a carrier medium, e.g., a 
computer program product. The carrier medium carries one 
or more computer readable code segments for controlling a 
processing system to implement a method. Accordingly, 
aspects of the present invention may take the form of a 
method, an entirely hardWare embodiment, an entirely soft 
Ware embodiment or an embodiment combining softWare 
and hardWare aspects. Furthermore, the present invention 
may take the form of carrier medium (e.g., a computer 
program product on a computer-readable storage medium) 
carrying computer-readable program code segments embod 
ied in the medium. 

[0154] The softWare may further be transmitted or 
received over a netWork via the netWork interface device. 
While the carrier medium is shoWn in an exemplary embodi 
ment to be a single medium, the term “carrier medium” 
should be taken to include a single medium or multiple 
media (e.g., a centraliZed or distributed database, and/or 
associated caches and servers) that store the one or more sets 
of instructions. The term “carrier medium” shall also be 
taken to include any medium that is capable of storing, 
encoding or carrying a set of instructions for execution by 
the machine and that cause the machine to perform any one 
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or more of the methodologies of the present invention. A 
carrier medium may take many forms, including but not 
limited to, non-volatile media, volatile media, and transmis 
sion media. Non-volatile media includes, for example, opti 
cal, magnetic disks, and magneto-optical disks. Volatile 
media includes dynamic memory, such as main memory. 
Transmission media includes coaxial cables, copper Wire 
and ?ber optics, including the Wires that comprise a bus 
subsystem. Transmission media also may also take the form 
of acoustic or light Waves, such as those generated during 
radio Wave and infrared data communications. For example, 
the term “carrier medium” shall accordingly be taken to 
include, but not be limited to, solid-state memories, optical 
and magnetic media, and carrier Wave signals. 

[0155] It Will be understood that the steps of methods 
discussed are performed in one embodiment by an appro 
priate processor (or processors) of a processing (i.e., com 
puter) system executing instructions (code segments) stored 
in storage. It Will also be understood that the invention is not 
limited to any particular implementation or programming 
technique and that the invention may be implemented using 
any appropriate techniques for implementing the function 
ality described herein. The invention is not limited to any 
particular programming language or operating system. 

[0156] Reference throughout this speci?cation to “one 
embodiment” or “an embodiment” means that a particular 
feature, structure or characteristic described in connection 
With the embodiment is included in at least one embodiment 
of the present invention. Thus, appearances of the phrases 
“in one embodiment” or “in an embodiment” in various 
places throughout this speci?cation are not necessarily all 
referring to the same embodiment. Furthermore, the particu 
lar features, structures or characteristics may be combined in 
any suitable manner, as Would be apparent to one of ordinary 
skill in the art from this disclosure, in one or more embodi 
ments. 

[0157] Similarly, it should be appreciated that in the above 
description of exemplary embodiments of the invention, 
various features of the invention are sometimes grouped 
together in a single embodiment, ?gure, or description 
thereof for the purpose of streamlining the disclosure and 
aiding in the understanding of one or more of the various 
inventive aspects. This method of disclosure, hoWever, is not 
to be interpreted as re?ecting an intention that the claimed 
invention requires more features than are expressly recited 
in each claim. Rather, as the folloWing claims re?ect, 
inventive aspects lie in less than all features of a single 
foregoing disclosed embodiment. Thus, the claims folloW 
ing the Detailed Description are hereby expressly incorpo 
rated into this Detailed Description, With each claim stand 
ing on its oWn as a separate embodiment of this invention. 

[0158] Furthermore, While some embodiments described 
herein include some but not other features included in other 
embodiments, combinations of features of different embodi 
ments are meant to be Within the scope of the invention, and 
form different embodiments, as Would be understood by 
those in the art. For example, in the folloWing claims, any of 
the claimed embodiments can be used in any combination. 

[0159] Furthermore, some of the embodiments are 
described herein as a method or combination of elements of 
a method that can be implemented by a processor of a 
computer system or by other means of carrying out the 










